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ABSTRACT 13 
Exploring the mode and tempo of millennial-scale climate variability under evolving boundary conditions can 14 
provide insights into tipping points in different parts of the Earth system, and can facilitate a more detailed 15 
understanding of climate teleconnections and phase relationships between different Earth system 16 
components. Here we use fossil diatom and stable carbon and oxygen isotope analysis of lake sediment 17 
deposits (core I-284) from the Ioannina basin, NW Greece, to explore in further detail millennial-scale climate 18 
instability in southern Europe during Marine Isotope Stage 6 (MIS 6; ca. 185‒130 ka). This interval correlates 19 
with the Vlasian Stage in Greece and the Late Saalian Substage in northern Europe, which were both 20 
characterised by extensive glaciations. The new dataset resolves at least 18 discrete warmer / wetter intervals, 21 
many of which were associated with strong Asian Monsoon events and North Atlantic interstadials. A number 22 
of cooler / drier intervals are also identified in the I-284 record, which are typically associated with weaker 23 
Asian Monsoon events and North Atlantic stadials, consistent with a variable Atlantic Meridional Overturning 24 
Circulation. Unlike the subdued changes in tree populations that are observed at Ioannina during mid-to-late 25 
MIS 6, the diatom record contains frequent high-amplitude oscillations in species assemblages, pointing to its 26 
sensitivity at a time when the lake system must have been close to environmental thresholds. Millennial-scale 27 
variability in diatom species assemblages continues into late MIS 6 at Ioannina, contributing important 28 
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evidence for an emerging picture of frequent and persistent climate instability even at times of high global ice 29 
volume. 30 
Keywords: Marine Isotope Stage 6; Southern Europe; Millennial-scale climate variability 31 
 32 
1. INTRODUCTION 33 
Highly-resolved oxygen isotope (δ
18
O) analysis of Greenland ice cores reveal the existence of large 34 
magnitude changes in regional climate on millennial timescales during the last glacial period (Dansgaard et al., 35 
1993). Although the exact cause of these so-called Dansgaard-Oeschger (D-O) cycles is unknown, there is now 36 
good evidence to suggest that many appear to coincide with significant changes in the Atlantic meridional 37 
overturning circulation (AMOC), with a strengthening AMOC associated with D-O interstadials and a 38 
weakening AMOC associated with D-O stadials (Gottschalk et al., 2015; Henry el al., 2016; Lynch-Stieglitz, 39 
2017). Conceptually, AMOC variability and its influence on the Intertropical Convergence Zone (ITCZ), for 40 
example via changes in North Atlantic sea ice extent (Kaspi et al., 2004; Chiang and Bitz, 2005; Li et al., 2005), 41 
provides a plausible unifying explanation for concomitant changes in climate beyond the North Atlantic (e.g. 42 
Wang et al., 2004; Broccoli et al. 2006; Tzedakis et al., 2009; Rhodes et al. 2015; Pedro et al., 2018; Corrick et 43 
al., 2020). ‘D-O-type’ millennial-scale climate oscillations also appear to be a feature of earlier glacial periods 44 
(McManus et al., 1999; Jouzel et al., 2007; Martrat et al., 2007), although their character and spatial 45 
expression are less well understood. It is important, therefore, to determine the presence, spatial expression 46 
and regional character of D-O-type climate oscillations during earlier glacial episodes. Such knowledge will help 47 
us to refine our understanding of Earth system sensitivity and behaviour under differing orbital and ice sheet 48 
configurations. 49 
During Marine Isotope Stage 6 (MIS 6; ca. 185‒130 ka), which is defined as the Vlasian Stage in Greece 50 
(Hughes et al. 2006) and the western Balkans (Hughes et al. 2011), orbital and ice sheet configuration differed 51 
markedly from that of the Late Pleistocene last glacial cycle. In early MIS 6, precession minima and a highly 52 
eccentric orbit led to boreal summer (June) insolation values approaching 550 Wm
2
 during MIS 6e (Berger, 53 
1978), representing one of the most prominent (interstadial) insolation peaks of the Quaternary (Berger and 54 
Loutre, 1991). This was followed by one of the most extensive glaciations of the last 400 ka in Eurasia during 55 
the Late Saalian Substage (Ehlers et al. 2018). The maximum ice extent in Europe during the Late Saalian was 56 
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reached relatively early during the Drenthe Stadial (ca. 170‒155 ka) and preceded the global Penultimate 57 
Glacial Maximum at ca. 140 ka (Colleoni et al. 2016; Ehlers et al. 2018; Hughes and Gibbard, 2018). The 58 
Penultimate Glacial Maximum was associated with less extensive glaciation in Europe, during the Warthe 59 
Stadial, than during the Drenthe Stadial. The earlier, more extensive, Drenthe glacial limits in Germany are 60 
correlated with the maximum extent of ice cover in Britain in the Late Wolstonian (Gibbard et al., 2018) and 61 
with the Dnieper glaciation in Ukraine (Ehlers et al., 2013). The Dnieper ice lobe extended c.600 km south of 62 
the Moscow glaciation limits, which are correlated with the Warthe Stadial (Ehlers et al., 2013). Some mid-63 
latitude North Atlantic records reveal very high background concentrations of ice rafted debris (IRD) during 64 
MIS 6 (e.g. Obrochta et al., 2014), but unlike the coldest parts of the last glacial cycle (MIS 2‒4), petrological 65 
evidence (detrital carbonate-rich ‘Heinrich’ deposits) for repeated surging of the Laurentide ice sheet through 66 
the Hudson straight is absent (Obrochta et al., 2014). Together with a range of geomorphological evidence 67 
(Hughes and Gibbard, 2018 and references therein) these observations are consistent with a different 68 
configuration and sensitivity of MIS 6 European and North American ice sheets compared to the last glacial 69 
cycle. 70 
MIS 6 was punctuated by millennial-scale climate variability; in the North Atlantic region, this is 71 
reflected by Iberian Margin (MD01-2444) alkenone-derived sea-surface temperature (SST) reconstructions 72 
(Martrat et al., 2007). Further analysis of MD01-2444 by Margari et al. (2010) revealed deep-water 73 
hydrographic changes coincident with variations in Antarctic temperatures (Jouzel et al., 2007), suggesting an 74 
active Atlantic bi-polar see-saw during MIS 6. Pollen analysis of MD01-2444 and of core I-284 (Lake Ioannina, 75 
NW Greece) reveal particularly prominent increases in southern European tree populations during early MIS 6 76 
North Atlantic interstadials (Margari et al., 2010; Roucoux et al., 2011). Based on the marine and terrestrial 77 
evidence contained in MD01-2444, Margari et al. (2010) distinguished between an earlier (185‒155 ka) MIS 6 78 
interval characterised by prominent millennial-scale variability, and a later interval (after 155 ka) characterised 79 
by relatively subdued, short-term variability, a pattern replicated in the I-284 arboreal pollen record (Roucoux 80 
et al., 2011). In Asia, Chinese speleothem δ
18
O analysis reveals that millennial-scale strong Asian Monsoon 81 
events (Chinese Interstadials) took place through MIS 6 (Cheng et al., 2006). Infrequent but longer-duration 82 
strong Asian Monsoon events characterised the early part of MIS 6 prior to 160 ka, whilst up to 15 shorter-83 
duration and smaller amplitude strong Asian Monsoon events are evident during the mid-late part of MIS 6 84 
(Cheng et al., 2006; Wang et al., 2008; Wang et al., 2018). Stronger Asian Monsoons are thought to arise as a 85 
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result of reduced North Atlantic sea-ice cover associated with a stronger AMOC, leading to a northward shift in 86 
the ITCZ over the Atlantic and the Pacific (Zhang and Delworth, 2005; Wang et al., 2018). 87 
Whether mainland Europe experienced multiple equivalent interstadial events during mid-late MIS 6 88 
remains unclear. The synthetic δ
18
O record of Barker et al. (2011) does predict D-O-type warming events over 89 
Greenland continuing into the mid-late MIS 6, typically corresponding with strong Asian Monsoons (Wang et 90 
al., 2018) and weak South American Monsoons (Burns et al., 2019). Some mid-late MIS 6 climate variability is 91 
observed in European speleothem records (e.g. Regattieri et al., 2014; Koltai et al., 2017), but only restricted 92 
sections of MIS 6 are captured owing to growth interruptions. Only muted variability during the mid-late part 93 
of MIS 6 is suggested in the Southern European MD01-2444 and I-284 pollen records of tree populations 94 
(Margari et al., 2010, 2014; Roucoux et al., 2011), although variability in the abundance of specific taxa 95 
(Artemisia and Chenopodiaceae pollen in I-284, Ericaceae pollen in MD01-2444) and in the terrestrially-96 
influenced Ca/Ti ratio (MD01-2444) appears more pronounced. This suggests that, with increasing global ice 97 
volume, mid-late MIS 6 southern European tree populations were sufficiently reduced such that their response 98 
to millennial-scale variability was muted. To help determine the character, spatial expression and frequency of 99 
millennial-scale climate events that influenced mainland Europe during MIS 6, we return to the core I-284 lake 100 
sediment sequence from Ioannina (Epirus, NW Greece; Figure 1), and generate a highly resolved diatom and 101 
stable isotope (δ
18
O and δ
13
C) record spanning the entire MIS 6 interval. Previous work on the I-284 sequence 102 
has revealed the sensitivity of these proxies to millennial-scale oscillations in hydro-climate at this site (Frogley 103 
et al., 2001; Tzedakis et al., 2003; Wilson et al., 2008; 2013; 2015; Jones et al., 2013).  104 
 105 
2. STUDY AREA AND METHODOLOGY  106 
The Ioannina basin is a polje thought to have formed during the Late Pliocene to Early Pleistocene 107 
(Clews, 1989). The basin is ca. 30 km long and up to 15 km wide, with a bedrock of Mesozoic and early 108 
Cenozoic limestones overlain by Pliocene and Quaternary lake sediment deposits. Artificial drainage has 109 
resulted in a reduced lake area of 22 km
2
, with a mean water depth of 4–5 m (up to 11 m in places). Mt. 110 
Mitsikeli (1,810 m above sea level, a.s.l.) forms the NW edge of the basin. To the SW, the topography slopes 111 
towards Mt. Tomaros (1,974 m a.s.l.), and the Ionian Sea is located 40 km beyond (Figure 1). Lake Ioannina 112 
forms the base level of a karst aquifer that underlies Mt. Mitsikeli. δ
18
O and δD values of modern lake water 113 
demonstrate evaporative enrichment (Wilson et al., 2013), although the low mean water conductivity 114 
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(0.3 mS cm
-1
) is within the range of modern eutrophic waters and suggests that mechanisms currently exist 115 
which maintain a freshwater state (Wilson et al., 2008). The modern lake lacks a surface outflow; the 116 
freshwater state may therefore result from subterranean outflows via periodically unblocked sinkholes and/or 117 
natural outflows through small streams sinking beneath the limestone (Waltham, 1970). Lake Ioannina 118 
remained fresh throughout the Late Pleistocene to mid-Holocene despite fluctuations in level (Wilson et al., 119 
2008; Jones et al., 2013), and glacial meltwater transfer to the subterranean karst system was identified as a 120 
plausible explanation for rapid lake level rise during the penultimate glacial-interglacial transition (MIS 6/5e 121 
boundary) (Wilson et al., 2015). Together, this underlines the long-term hydrological influence of groundwater 122 
in this karstic system, and the potential for groundwater throughflow.  123 
Core I-284 (39°45′N, 20°51′E) from the Ioannina basin was recovered in 1989 by the Greek Institute of 124 
Geology and Mineral Exploration (IGME). The diatom, δ
18
O and δ
13
C records of the MIS 7/6 and 6/5e 125 
transitions are discussed in Frogley et al. (2001), Tzedakis et al. (2003) and Wilson et al. (2013, 2015). In this 126 
study, new samples for diatom and δ
18
O and δ
13
C analysis were taken at 20 cm intervals or greater (mean ca. 127 
300-year resolution) between 102.2 m and 124.0 m and combined with existing data from the transition 128 
intervals to provide a continuous record of the entire MIS 6 interval. Preparation of samples for diatom 129 
analysis followed standard techniques, using hot H2O2 and HCl, with Naphrax™ as a slide mountant (Battarbee, 130 
1986). Diatoms were analysed at x1000 and x1200 magnification, using a Leica LM1000 binocular microscope 131 
under phase contrast. Diatom preservation was sufficient to allow ≥ 500 valves to be counted in almost all 132 
samples analysed. Identification is based on Krammer and Lange-Bertalot (1986, 1988, 1991a, b) and Levkov et 133 
al. (2007), adopting current diatom nomenclature. Stratigraphical zone boundaries were defined using CONISS 134 
(Grimm, 1987) on square-root transformed data (Figure 2).  135 
Volumetric (1 cm
3
) sediment sub-samples were prepared for isotope analysis by disaggregation in 5 % 136 
sodium hypochlorite solution for 24 hours to oxidise reactive organic material and then washed 3x in distilled 137 
water. After sieving at 85 µm to remove faunal material, the resulting fine fraction was passed through 138 
Whatman QM-A quartz micro-filter paper, dried at 40 ˚C and then ground in an agate pestle and mortar. The 139 
isolated material was reacted with anhydrous phosphoric acid in vacuo overnight at a constant 25 ˚C; CO2 140 
liberated by this process was separated from water vapour and collected for analysis. Measurements were 141 
made on a VG Optima mass spectrometer at the National Environmental Isotope Facility in the UK; analytical 142 
reproducibility was < 0.1 ‰ for both δ
18
O and δ
13
C (2σ). Previous work has determined that, in common with 143 
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many Mediterranean lake systems, glacial δ
18
O values at Ioannina are more enriched compared to interglacials 144 
(Tzedakis et al., 2003; Wilson et al., 2015), suggesting that temperature controls were less important drivers 145 
than evaporative and moisture source area changes. Accordingly, average glacial conditions in the catchment 146 
are interpreted as reflecting higher evaporation/precipitation (E/P) ratios than during interglacials. 147 
Notwithstanding the complex range of drivers influencing δ
13
C values in lake waters, including organic 148 
productivity and source (Leng and Marshall, 2004), the likely role of E/P in also controlling δ
13
C values at 149 
Ioannina is suggested by the general correspondence between the patterns of δ
18
O and δ
13
C (Tzedakis et al., 150 
2003). 151 
The MIS 6 age model follows Roucoux et al. (2011) by aligning the temperate tree pollen record in I-152 
284 to that of marine core MD01-2444 on the western Iberian Margin (Margari et al., 2010) (Figure 1 and 153 
Figure 3), on the premise that millennial-scale SST variability in the North Atlantic and Mediterranean Sea 154 
leads to changes in evaporation and precipitation downstream in southern Europe, which in turn exerts a 155 
dominant influence over the composition of vegetation. A revised chronology for MD01-2444 (Margari et al., 156 
2014) has been developed through alignment of its SST record with the Greenland synthetic record of Barker 157 
et al. (2011), itself aligned to precisely-dated Chinese speleothems (Cheng et al., 2009). The MD01-2444 158 
chronology for the younger part of MIS 6 (139 ka onwards) is based on alignment to the Corchia Cave 159 
speleothem, Italy (Tzedakis et al., 2018; Figure 1).  160 
 161 
3. RESULTS  162 
Throughout the core sequence analysed, Pantocsekiella ocellata (Pantocsek) K.T. Kiss & Ács is the 163 
dominant planktonic species (Figure 2), whilst the small Fragileraceae Staurosirrella pinnata [Ehrenberg] 164 
Williams and Round, Straurosira construens and Pseudostaurosira brevistriata [Grunow] Williams and Round 165 
together dominate the facultative planktonic habitat. The benthic community is more diverse, with species 166 
including Amphora pediculus [Kϋtzing] Grunow, Diploneis marginestriata Hustedt, Gyrosigma accuminatum 167 
[Kϋtzing] Rabenhorst, Navicula rotunda Hustedt and Placoneis porifera [Hustedt] Ohtsuka and Fujita. Three 168 
major biostratigraphic zones can be defined: diatom assemblage zone (DAZ) 1 (140.6–117.5 m, ca. 193.7–169 
163.7 ka), DAZ 2 (117.5–98.23 m, ca. 163.7–132.7 ka) and DAZ 3 (98.23–95.02 m, ca. 132.7–127.5 ka). DAZ 3 170 
spans the MIS 6/5 transition and is discussed in Wilson et al. (2015). DAZ 1 and DAZ 2 encompass MIS 6 171 
(discussed here) and the transition from MIS 7 (Wilson et al., 2013). CONISS distinguishes two distinctive 172 
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intervals in the MIS 6 diatom record (Figure 2): an early MIS 6 interval (DAZ 1i to DAZ 1u; 131.9–117.5 m, ca. 173 
178.0–163.7 ka) characterised by greater proportions of planktonic and benthic taxa, with a number of 174 
prominent oscillations in the percentage of P. ocellata; and a mid-late MIS 6 interval (DAZ 2a to DAZ 2s; 117.5–175 
98.23 m, ca. 163.7–132.7 ka) characterised by an overall increase in small Fragilariaceae and punctuated by 176 
discrete episodes of planktonic expansion. In terms of stable isotope measurements from sediment calcite 177 
(Figure 3), values of δ
18
O oscillate markedly over the MIS 7/6 transition (values averaging ca. –2.3 ‰); for most 178 
of the subsequent MIS 6, however, values are lower on average (ca. –4 ‰) and are less variable. Values of δ
13
C 179 
also oscillate distinctly across the MIS 7/6 transition, but then remain close to ca. 0 ‰ for most of the ensuing 180 
MIS 6. 181 
 182 
4. DISCUSSION  183 
4.1. Early MIS 6  184 
The peak boreal summer insolation maximum of the MIS 6e complex (centred at ca. 176 ka) is 185 
associated with a period of overall planktonic dominance between ca. 178 and 164 ka, and with some of the 186 
lowest δ
18
O values recorded in the I-284 sequence, reaching < ‒7 ‰ at ca. 173 ka (Figure 3). P. ocellata 187 
dominates the planktonic assemblages, a situation that is likely to reflect enhanced thermal stratification 188 
(Fahnenstiel and Glime, 1983; Winder et al., 2009) and lake deepening (Wilson et al., 2008; 2015; Jones et al., 189 
2013). Extensive forest cover (Roucoux et al., 2011; Figure 3) may have led to a reduction in catchment soil 190 
erosion and thus low sediment influx and lake turbidity, allowing the development of a diverse and extensive 191 
benthic habitat at the core site. Epipelic Diploneis and Navicula taxa are an important component of the 192 
benthos. These actively motile taxa appear to exhibit a deeper water preference compared with araphid 193 
diatom species, such as the small Fragilariaceae P. bevistriata, S. construens and S. pinnata, which appear to 194 
prefer shallow water environments (Hoagland and Peterson, 1990; Wang et al., 2012). Lake deepening at 195 
Ioannina is consistent with existing evidence for increased regional precipitation during MIS 6e (e.g. Bard et al., 196 
2002), likely to be in response to a northward migration of the ITCZ at times of precession minima and 197 
associated increased Mediterranean winter precipitation (Tzedakis et al., 2009; Bosmans et al., 2015; Wagner 198 
et al., 2019). Episodes of lake deepening and/or enhanced thermal stratification within the MIS 6e complex, 199 
inferred from P. ocellata dominance at ca. 178.0‒175.3 ka (DAZ 1i), ca. 173.3‒172.7 ka (DAZ 1k), ca. 169.5‒200 
166.4 ka (DAZ 1m‒DAZ 1q), and ca. 165.7‒165.1 ka (DAZ 1s) (Figure 2) correspond to intervals of lower 201 
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δ
18
Oplanktonic values (interstadials) in MD01-2444 (Portuguese Margin; Margari et al., 2010), strong Asian 202 
Monsoon events B17‒B14 (Cheng et al., 2006; Wang et al., 2008), and predicted D-O-type interstadials (Barker 203 
et al., 2011) (Figure 3). This adds support for a dynamic hydroclimate in Southern Europe during MIS 6e 204 
(Margari et al., 2010; Roucoux et al., 2011).  205 
 206 
4.2. Mid-late MIS 6  207 
There is a general increase in the percentage of facultative planktonic Fragilariaceae (typically >40 %) 208 
and an overall reduction in benthic life forms in mid-late MIS 6 (DAZ 2a to DAZ 2s; 117.5–98.23 m, ca. 163.7–209 
132.7 ka) (Figure 2). This is likely to be in response to lower overall boreal summer insolation, and is consistent 210 
with the approaching glacial maximum since the small Fragilariaceae S. pinnata, S. construens and P. 211 
brevistriata are characteristic of shallow lake conditions with extended seasonal ice cover in cold, arid glacial 212 
climates (Wilson et al., 2008, 2013, 2015; Jones et al., 2013). These small Fragilariaceae are extremely 213 
eurytopic and have been described as pioneering species (e.g. Haworth, 1976; Rawlence, 1992). They are 214 
common in shallow Arctic lakes (e.g. Douglas et al., 1994; Lotter et al., 1999; Laing and Smol, 2003) and in 215 
other lakes characterised by prolonged ice cover (Lotter and Bigler, 2000; Schmidt et al., 2004). They are able 216 
to tolerate unstable aquatic environments (Schmidt et al., 2004) characteristic of ice-covered lakes, where 217 
rapid changes in physical–chemical properties can occur during the melt period (e.g. in light penetration, 218 
temperature, nutrient concentrations: Ohlendorf et al., 2000; Schmidt et al., 2004). Changes in the proportion 219 
of facultative planktonic Fragilariaceae at Ioannina appear to have a close phase relationship with Antarctic 220 
dust flux (Figure 3), and can be considered in the context of patterns of global and regional glaciation. Global 221 
patterns of glaciation can be inferred from polar dust records, which reflect the state of the global hydrological 222 
cycle (i.e. increased dust during more extensive glaciations reflecting increased global aridity as more 223 
freshwater is retained in ice masses). Dust flux over Antarctica has a close inverse relationship with air 224 
temperatures over the continent, with dust flux increasing as climate becomes colder (Lambert et al., 2008). 225 
Dust records are broadly mirrored in Greenland and Antarctic ice cores for the last glacial cycle (cf. Ruth et al., 226 
2007; Lambert et al., 2012; Hughes et al., 2020, their Figure 3) and thus, Antarctic dust records can be used as 227 
a proxy for global glaciations in earlier glacial cycles (Hughes et al., 2020, their Figure 4). Furthermore, 228 
comparison of Antarctic ice-core dust records with loess/palaeosol sequences from the Chinese Loess Plateau 229 
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(Kukla et al., 1994) confirms the synchronicity of global changes in atmospheric dust load (Lambert et al., 230 
2008).  231 
In MIS 6 two major phases of global glaciation can be identified in the Antarctic dust records, at ca. 232 
157‒152 ka and 148‒138 ka (Figure 3). In Europe, the most extensive glaciation in MIS 6, the Drenthe Stadial, 233 
occurred after 163 ka (Margari et al., 2014). This correlates with the first phase of global glaciation. This 234 
maximum extent of European glaciation was the most extensive of the Pleistocene in the Netherlands and NW 235 
Germany (Ehlers et al., 2013). Ice was also more extensive over Britain in the Drenthe Stadial than during the 236 
Late Pleistocene Last Glacial Maximum (Gibbard et al., 2018). Such extensive ice cover would have caused 237 
dominant anticyclonic conditions over NW Europe and a blocking high (cf. Treidl et al., 1981), which is today 238 
associated with low precipitation over the southern Balkans (Lolis et al., 2012). Furthermore, glacial melting 239 
under rising boreal summer insolation (Toucanne et al., 2009) and consequent large seasonal discharges in the 240 
Fleuve Manche river (Channel River) (Eynaud et al. 2007), may have led to further aridity; associated advection 241 
of cooler surface waters to lower latitudes (Martrat et al., 2007) was cited as a possible explanation for the 242 
collapse of moisture-requiring temperate tree and Ericaceae populations in the western Mediterranean 243 
(Margari et al., 2014). Fragilariaceae expansion between ca. 158.1 ka and 151.3 ka (DAZs 2e and 2f in Figures 2 244 
and 4), as well as a shift to lower δ
13
C and δ
18
O values (consistent with low evaporation rates owing to cooler 245 
summers and extended seasonal lake ice cover; Ampel et al., 2010) and higher Chenopodiaceae and Artemisia 246 
abundance (Figure 4), supports overall drier conditions in the Ioannina catchment (Roucoux et al., 2011) during 247 
the Drenthe Stadial. Whilst we interpret δ
18
O values in Lake Ioannina as responding primarily to changing E/P, 248 
it is notable that values are generally low over this interval and are perhaps influenced in part by colder, more 249 
northerly air mass sources (Nagavciuc et al., 2019). Indeed, widespread cooling, particularly between ca. 157.9 250 
and 154.6 ka, is apparent in central European speleothems (Koltai et al., 2017). Gulf of Lions SSTs are also 251 
lower at this time (Cortina et al., 2015). SSTs in this north-western part of the Mediterranean basin are 252 
strongly influenced by continental air masses, and particularly the intensity of cold north-westerly winds (from 253 
the Pyrenees, Massif Central and the Alps) which, in turn, are controlled by high-latitude dynamics (Cortina et 254 
al., 2015). Later glacial advances, during the Warthe Stadial (ca. 150‒140 ka), were less extensive in Europe, 255 
where ice margins were 100‒300 km and 600 km inside of the previous Drenthe Stadial glaciation in the west 256 
(Germany) and east (Russia/Belarus/Ukraine), respectively. Furthermore, whilst ice was present in the North 257 
Sea basin in the Drenthe, it was absent in the Warthe (Toucanne et al., 2009, their Figure 9) as well as from 258 
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eastern England, where the Warthe Stadial was characterised by a periglacial environment (Gibbard et al., 259 
2018). This corresponds to the second global glaciation indicated in the polar dust records and the global 260 
Penultimate Glacial Maximum. This is entirely consistent with the I-284 diatom record, as demonstrated by the 261 
second major expansion in Fragilariaceae (ca. 148.6‒139.3 ka; DAZ 2i, 2k and 2m in Figures 2 and 4), and is 262 
coincident with lower Alboran Sea and Iberian Margin SSTs (Martrat et al., 2004, 2007), indicating a return of 263 
prevailing aridity during the Warthe Stadial.  264 
In addition to the Fragilariaceae increases during the Drenthe and Warthe Stadials, discrete 265 
Fragilariaceae expansion events appear to be associated with millennial-scale North Atlantic cold events. For 266 
example, Fragilariaceae expansion at ca. 142.6‒139.5 ka (DAZ 2m; Figures 2 and 4) is coeval with reduced SSTs 267 
and greater ice rafting in the North Atlantic (Barker et al., 2015; Deaney et al., 2017), termed Heinrich Stadial 268 
12 by Lisiecki and Stern (2016). Additional Fragilariaceae expansion events at ca. 135.4‒135.0 ka (DAZ 2q) and 269 
ca. 133.9‒133.4 ka (DAZ 2s) coincide with Heinrich Stadials 11.1 and 11.2 (Tzedakis et al., 2018) and occur 270 
during weak Asian Monsoon intervals II-a and II-b, respectively (Wang et al. 2018), with DAZ 2s also coinciding 271 
with the onset of stadial conditions in central Europe (Koltai et al., 2017). Overall, the troughs in the 272 
proportion of planktonic diatoms and associated Fragilariaceae expansion events in mid-late MIS 6 (e.g. DAZ 273 
2a, 2c, 2e, 2f, 2i, 2m, 2q, 2s), typically correspond with North Atlantic cold water-mass expansions and peaks in 274 
lithic and Icelandic volcanic glass concentrations (Obrochta et al., 2014; Barker et al., 2015), pointing to a link 275 
between millennial-scale North Atlantic variability and hydrological conditions in southern Europe.  276 
The mid-late MIS 6 interval at Ioannina is punctuated with multiple episodes of often prominent 277 
increases in planktonic diatom frequencies. Although there is continued close correspondence between 278 
arboreal pollen and planktonic diatom frequencies in I-284, the differences in the amplitude of changes is 279 
striking (Figure 4). The apparent sensitivity of the I-284 diatom record in particular provides an opportunity to 280 
further explore the character of mid-late MIS 6 climate in southern Europe. Cluster analysis of the I-284 diatom 281 
record identifies ten intervals characterised by high percentages of planktonic taxa (biostratigraphical DAZs 1u, 282 
2b, 2d, 2g, 2h, 2j, 2l, 2n, 2p, 2r; highlighted with pink columns in Figure 4), which punctuate mid-late MIS 6, 283 
with a further eight intervals of more minor, but nevertheless distinct, increases also apparent (planktonic taxa 284 
expansions of ≥20 %; highlighted in olive-green in Figure 4). Overall, the multiple episodes of often prominent 285 
increases in the planktonic species P. ocellata within mid-late MIS 6 are consistent with an interpretation of 286 
there being up to eighteen brief intervals between ca. 165 and 133 ka of enhanced lake thermal stratification 287 
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(Fahnenstiel and Glime, 1983; Winder et al., 2009), a longer open-water season (Cremer and Wagner, 2003; 288 
Smol et al., 2005; Rühland et al., 2008) and perhaps higher (winter/spring) lake levels (Wilson et al., 2008; 289 
2015; Jones et al., 2013). Several of the planktonic expansion events coincide with a shift to higher δ
13
C and 290 
δ
18
O values in particular (specifically at ca. 160.1 ka., 158.3 ka, 154.4 ka, 151.0 ka, 144.9 ka, 143.1 ka, 138.8 ka, 291 
135.6 ka and 134.1 ka), suggesting both increased summer organic productivity and evaporative enrichment.  292 
Planktonic diatom species expansion events in I-284 occur in association with a number of the 293 
interstadial events detected in other Northern Hemisphere records. Up to 15 strong Asian Monsoon (Chinese 294 
interstadial) events occurred in mid-late MIS 6, between 160.6 and 132.5 ka, as revealed in speleothem δ
13
C 295 
and δ
18
O records from Hulu Cave, China (Wang et al., 2018), with climatic shifts also predicted in the 296 
Greenland synthetic δ
18
O record (Barker et al., 2011). Specifically, core I-284 planktonic frequencies (and often 297 
E/P ratios) rise during eleven of the fifteen strong Asian Monsoon events (B1‒B5, B8‒B9, B10.1‒B12), and 298 
during up to fifteen Greenland warm events predicted to have occurred between ca. 163.6 ka and 132.8 ka 299 
(Figure 4). Several of the warming events identified in the I-284 record are resolved in SST records from the 300 
Iberian Margin (Martrat et al., 2007) and the Alboran basin (Martrat et al., 2004; 2014); SST changes in these 301 
locations are strongly influenced by North Atlantic oceanic conditions, particularly AMOC variability. For 302 
example, the abrupt and prominent SST warming event within the stadial associated with Heinrich event 11, 303 
first clearly observed in the Alboran basin ODP-976 sequence (Martrat et al., 2014), is also reflected in our I-304 
284 diatom record (planktonic expansion event 2r, intercalated between the Fragilariaceae expansion events 305 
(2q and 2s in Figure 4), together forming a ‘double-u’ shape reminiscent of the ODP-976 SST pattern (cf. 306 
Martrat et al., 2014)). In addition, slightly elevated annual mean SSTs in the Gulf of Lions, NW Mediterranean 307 
(Cortina et al., 2015), accompany most of the planktonic expansion events at Ioannina. Central European and 308 
Mediterranean speleothem records (e.g. Regattieri et al., 2014; Koltai et al., 2017; Nehme et al., 2018), which 309 
capture some intervals of MIS 6, resolve some of the millennial-scale events suggested by the diatom and 310 
isotope data during mid-late MIS 6. Episodes of planktonic expansion at ca. 164.1 ka (DAZ 1u) and at ca. 161.3‒311 
159.9 ka (DAZ 2b) are coeval (within dating errors) with wet intervals in the Levant (Nehme et al., 2018), and 312 
with warming in Central Europe at ca. 160 ka (Koltai et al., 2017). A shift to higher E/P ratios and a rise in 313 
planktonic diatom species frequencies at ca. 154.4 ka, which is associated with the strong Asian Monsoon 314 
event B10.1, is coeval with a central Europe interstadial (Koltai et al., 2017), and with wetter intervals in the 315 
Levant (Nehme et al., 2018). Further discrete increases in planktonic frequencies (and moderate shifts in E/P 316 
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ratios) at ca. 139.2‒138.5 ka (DAZ 2n), ca. 137.2‒135.6 ka (DAZ 2p) and ca. 134.9‒134.0 ka (DAZ 2r), which are 317 
associated with the strong Asian Monsoon events B1‒B3, are coeval with warming events in central Europe 318 
(Koltai et al., 2017). An extended interval of planktonic dominance between ca. 151.3 and 148.8 ka (DAZ 2g 319 
and 2h) with associated high E/P ratios, may be a response to the small insolation maximum of the mid-late 320 
MIS 6 and occurs during the particularly strong Asian Monsoon events B8.1 and B8 (Figure 4).  321 
 322 
4.3. Emerging patterns and associated mechanisms  323 
The I-284 diatom and δ
18
O and δ
13
C records demonstrate the persistence of millennial-scale climate 324 
variability in southern Europe throughout the entire MIS 6. Comparison of the Northern Hemisphere records 325 
considered above reveals that interstadial intervals of warmer North Atlantic and Mediterranean SSTs and 326 
stronger Asian Monsoon conditions are often associated with episodes of lake thermal improvement and 327 
perhaps deepening at Ioannina; conversely, stadial intervals of cooler North Atlantic and Mediterranean SSTs 328 
and weaker Asian Monsoons are often associated with colder and drier episodes with lake shallowing at 329 
Ioannina. A robust and consistent feature of several glacial climate model simulations, in which a freshwater 330 
flux (ranging between 0.1 to 0.4 Sv) is imposed in the North Atlantic, is cooling over the North Atlantic and 331 
much of extratropical Eurasia (projected mean annual surface air temperature fall of up to 7.5 
o
K; Kageyama et 332 
al., 2013). These same models also predict that freshwater input to the North Atlantic, for instance due to sea-333 
ice expansion or iceberg discharges, would result in a corresponding fall in mean annual precipitation over the 334 
North Atlantic, and typically extending into Europe. North Atlantic extended sea-ice, and surface ocean cooling 335 
in both the North Atlantic and Mediterranean (Martrat et al., 2004; 2007), would result in lower evaporation 336 
rates and reduced rainfall, as well as altered atmospheric circulation patterns, promoting enhanced aridity in 337 
Southern Europe during D-O-type stadials. In the I-284 record, expansion in small Fragilariaceae taxa 338 
characteristic of shallow lake conditions with extended seasonal ice cover (Wilson et al., 2008, 2013, 2015; 339 
Jones et al., 2013), as well as low E/P ratios, presumably reflecting suppression of summer evaporation, are 340 
consistent with this modelled climatic scenario. 341 
At Ioannina, intervals with an increased percentage of diatom planktonic taxa, as determined by 342 
cluster analysis, and intervals of higher E/P (for the most part) occur during the predicted warming events of 343 
Barker et al. (2011) (Figure 3 and Figure 4), providing support for their synthetic Greenland record. These 344 
predicted warming events imply episodic enhanced cross-equatorial heat transport into the North Atlantic via 345 
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the AMOC during MIS 6, and Margari et al. (2010) found evidence consistent with an active Atlantic bi-polar 346 
seesaw. Moreover, as interstadials are associated with a northward  migration of the ITCZ (with stronger Asian 347 
Monsoons and weaker South American monsoons) and stadials associated with a southward migration of the 348 
ITCZ (with weaker Asian Monsoons and stronger South American Monsoons) (Wang et al., 2004; Rhodes et al., 349 
2015; Corrick et al., 2020), similar antiphasing in Asian and South American monsoon strength during MIS 6 350 
(Wang et al., 2018; Burns et al., 2019) is consistent with episodes of enhanced cross-equatorial heat transport, 351 
presumably in association with a strengthening AMOC. Corresponding warmer North Atlantic and 352 
Mediterranean SSTs (Martrat et al., 2004; 2007) would be expected to lead to greater (winter) precipitation in 353 
Southern Europe, presumably linked to higher Mediterranean SSTs lasting into the autumn, leading to 354 
enhanced winter air-sea surface temperature gradients and promotion of convective (winter) rainfall 355 
(Bosmans et al., 2015). At Ioannina, planktonic habitat expansion events (many coinciding with reduced 356 
Chenopodiaceae and Artemisia pollen abundance in I-284 (Roucoux et al., 2011; Figure 4) and with elevated 357 
North Atlantic and Mediterranean SSTs (Martrat et al., 2004; 2007; 2014; Cortina et al., 2015) may reflect 358 
elevated water levels following wetter winters, whilst warmer and drier summers suggested by elevated E/P 359 
ratios, would also enhance summer thermal lake stratification and thus dominance by P. ocellata. 360 
At Ioannina, reconstructed millennial-scale events tend to be more frequent and brief (<1 ka) during 361 
mid-late MIS 6 (ca. 163‒133 ka), and less frequent and longer (ca. >2 ka) in duration in early MIS 6 (ca. 185‒362 
163 ka), a pattern consistent with MD01-2444 (Margari et al., 2010) and the Chinese speleothem record (Wang 363 
et al., 2008). The reduced amplitude and duration of mid-late MIS 6 interstadials apparent in a number of 364 
records (e.g. Margari et al., 2010; Roucoux et al., 2011), may reflect an overall weakening of the millennial-365 
scale climate variability (Margari et al., 2010; 2014) as global ice volumes exceeded a critical threshold 366 
(McManus et al., 1999; EPICA Community Members, 2006). The numerous distinct discrete planktonic 367 
expansion events at Ioannina are often associated with only relatively small increases in arboreal populations, 368 
and intervals of elevated E/P ratios are not accompanied by any significant expansion of Mediterranean 369 
elements in the vegetation (Roucoux et al., 2011), together suggesting that any increase in winter precipitation 370 
and in summer temperatures and/or aridity was relatively minor compared with those changes experienced in 371 
early MIS 6. The differences in the amplitude of response of arboreal pollen and planktonic diatom frequencies 372 
to common climatic forcing events appears to point to differences in lacustrine and terrestrial thresholds of 373 
response. The subdued oscillations in arboreal pollen reflect the combined effects of reduced precipitation and 374 
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winter temperatures, a shorter growing season and also lower atmospheric CO2 concentrations, which led to 375 
tree population contraction (but not their complete elimination) across the mid-late MIS 6 interval (Tzedakis et 376 
al., 2002; Roucoux et al. 2011). As discussed in Wilson et al. (2013), diatoms can be highly responsive to 377 
environmental change when lake physical–chemical thresholds are approached and exceeded, and this is 378 
particularly apparent in lakes associated with snow and ice cover. Slight warming resulting in decreased lake 379 
ice cover will affect the length of the growing season, E/P ratios (as reflected by stable isotopic values), the 380 
thermal regime of the lake, and a range of chemical variables (e.g. Ohlendorf et al., 2000), which can lead to 381 
pronounced changes in diatom species assemblages. Indeed, this has been recorded in many high latitude and 382 
temperate lakes in response to contemporary (post-industrial) warming (Smol et al., 2005). It follows that large 383 
changes in diatom species assemblages may occur as a result of relatively small forcing events when the lake 384 
system is close to an environmental threshold (Rühland et al., 2015). In such a context, diatoms will be 385 
sensitive to subtle changes in climate that may produce smaller responses in other ecosystems and their 386 
proxies.  387 
In contrast with the coldest parts of the last glacial cycle (MIS 2‒4) and the antepenultimate glacial 388 
cycle (MIS 8), Obrochta et al. (2014) found that MIS 6 contained nearly continuously elevated concentrations 389 
of lithic IRD grains, especially after ~160 ka, in North Atlantic core U1308; elevated lithic concentrations were 390 
found in MIS 6 sediments in nearby V28-82 (Downing, 2008) and in core M23124 from the Rockall Plateau 391 
(Didié and Bauch, 2000), but lower concentrations characterised the eastern Atlantic ODP 980 sequence 392 
(McManus et al., 1999), which may suggest altered circulation patterns (Obrochta et al., 2014). The high 393 
background concentrations of IRD observed in North Atlantic cores U1308, V28-82 and M23124 would indicate 394 
near continuous freshwater fluxes, which may have increased AMOC disruption sensitivity to relatively weak, 395 
or well-placed, forcing events (Margari et al., 2010). The evidence from Ioannina, combined with records of 396 
changes in North Atlantic and Asian conditions, demonstrate that millennial-scale variability characterised the 397 
entire MIS 6, and contribute to an emerging picture of frequent and persistent (but subdued) climate 398 
instability even at times of higher global ice volume. 399 
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Figure 1. A: Location of Ioannina (northwest Greece) and sites mentioned in the text. ODP 983—Ocean Drilling 647 
Program Site 983; Greenland GLT.syn—Greenland synthetic δ
18
O record. B: Ioannina I-284 sediment core site 648 
(39°45’N, 20°51’E) in relation to the present lake (470 m above sea level) and surrounding topography. 649 
Adapted from Wilson et al. (2015).  650 
 651 
Figure 2: I-284 diatom record showing taxa present at >2 %, and summary life form. Frequencies of the 652 
facultative planktonics Staurosirrella pinnata [Ehrenberg] Williams and Round, Straurosira construens and 653 
Pseudostaurosira brevistriata [Grunow] Williams and Round are combined and expressed as Fragileraceae (%).   654 
 655 
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Figure 3: (A) Red Sea sea-level, with 95 % probability interval in light grey (Grant et al, 2014); (B) Greenland 656 
synthetic δ
18
O record (Barker et al., 2011), with predicted D-O-type warming events denoted by *; (C) MD01-657 
2444 (Portuguese Margin) δ
18
O measured on specimens of planktonic Globigerina bulloides (Margari et al., 658 
2010); (D) Ioannina I-284 diatom life form summary (this study); (E) Ioannina I-284 δ
18
Ocalcite (blue) and 659 
δ
13
Ccalcite (green) with 3pt running mean (this study); (F) Ioannina I-284 tree pollen (Roucoux et al., 2011); (G) 660 
MD01-2444 temperate pollen (%) (Margari et al., 2010), with age control points (denoted by +) used to 661 
construct the I-284 age model (see methods); (H) Antarctic EPICA Dome C dust flux (mg/m
2
/yr) (Lambert et al., 662 
2012). 663 
 664 
Figure 4: (A) ODP 983 relative proportion of the polar planktonic foraminifera Neogloboquadrina pachyderma 665 
within the total assemblage, plotted alongside ODP 983 IRD grains per gramme (Barker et al., 2015); (B) 666 
Greenland synthetic δ
18
O record (Barker et al., 2011); (C) MD01-2444 (Portuguese Margin) δ
18
O measured on 667 
specimens of planktonic Globigerina bulloides (Margari et al., 2010); (D) Ioannina I-284 tree pollen and (E) 668 
Chenopodiaceae + Artemisia (Roucoux et al., 2011); (F) Ioannina I-284 diatom planktonic frequencies (this 669 
study), with labelled DAZs. Time intervals where planktonic frequencies are elevated are shaded pink 670 
(distinctive biostratigraphical zones identified in cluster analysis) or olive (more conservative increases in 671 
planktonic frequencies of ≥20 %), the orange shading identifies the onset of the transition to the Last 672 
Interglacial; (G) Ioannina I-284 stable isotope data, with 3pt running mean (this study); (H) Hulu cave (China) 673 
speleothem δ
13
C (Wang et al., 2018), with strong Asian Monsoon events (B1–B12) labelled. All data are plotted 674 
on their own time scales. 675 
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• Millennial-scale climate variability throughout Marine Isotope Stage 6 in S Europe 
• Frequent and persistent (subdued) instability at times of high global ice volume 
• Diatom record sensitivity when lake system close to environmental thresholds 
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